The unsteady numerical simulation was conducted to investigate the unsteady thermal plume around human body in closed space, with a relative high resolution of grid and time step. The instantaneous flow filed evolution process was successfully analyzed in detail by simulation approach. A set of time-average statistics of the velocity and the temperature of thermal plume around body were obtained, as well as the fluctuation velocity, the fluctuation temperature and other unsteady characteristics. The thickness of velocity and thermal boundary layer was confirmed in the range of 2 to 5 cm, the lower half of the flow field was stable whereas obvious fluctuation and separation were found in the upper half. According to the analysis results of power spectrum, the thermal plume around the body was mainly dominated by low frequency fluctuation flow, while obvious intermittent was also observed.
Introduction
Due to the density change caused by the temperature, the hot air will be driven to move by the buoyancy force of the reverse direction of gravity. The thermal plume occurs in many practical situations from the heating and ventilation in a room to the equipment cooling in industry. Occupants are one of main heat and pollution sources in some enclosed space such as buildings and airplane cabins. It has been reported that thermal plume generated by human body have significant impact on the enclose space air distribution (Murakami et al. [1] , Craven et al. [2] , Zukowska et al. [3] , Zhang et al. [4] , Rim D. & Novoselac A. [5] ).
Many research on the phenomenon of the thermal plume above human body have been reported in the past decades. Most of them could be classified to two main groups: 1) Experimental method using velocity and temperature probe or particle image velocimetry (PIV). 2) Computational Fluid Dynamics (CFD) method using the numerous turbulence models. Zukowska et al. [3] , [6] experimentally measured the characteristics of the thermal plume generated by a sitting person using four human body simulators with different complexity of geometry but the equal surface area, time-average temperature and velocity profile above the sitting person was investigated. Craven and Settles [2] conducted a study of the human thermal plume in a standard room environment, they characterize the velocity field around a human volunteer in a temperature-stratified room using PIV test method, and compared to those obtained from a steady three dimensional CFD simulation using the RNG k-ε two-equation turbulence model. Gao N. P. et al. [7] simulated micro-environment around human body and personalized ventilation by standard k-ε turbulence model and compared with experiment result. RANS model such as standard k-ε model, RNG k-ε model and low Reynolds number k-ε model were widely used to deal with the human thermal plume in building ventilation and other environment analysis (Sørensen et al. [8] , Gao N. P. et al, [9] , Zhang et al. [10] , Gupta et al. [11] , Choi et al, [12] ). However, for some critical cases including the breath air organization and the pollutant dispersion control, velocity and contaminant concentration simulations require further work (Srebric J. et al, [13] ), detail flow field and unsteady characteristics of the human thermal plume become more important for this kind of simulation. Unfortunately this kind of data is still rare currently in simulation field. Direct numerical simulation was applied to investigate the natural and turbulence convection, which can give the valuable data of unsteady characteristics for some typical case such as the heated cavity (Trias et al. [14] ).
The aim of this study was to simulate and analysis the instantaneous flow field of human thermal plume to enhance the understanding of unsteady characteristics and providing the referable data for the air flow origination and the air quality control. The statistical average velocity and temperature distribution of the thermal plume around human were investigated, as well as the fluctuation velocity, temperature and other unsteady characteristics.
Methods
The calculation domain was a rectangle space with a heated human body model. The body geometry was obtained via scanning a thermal mannikin, which has neglect the shape of clothing and hair. The distance between the head and the ceiling was 24 cm, which referred to the condition in airplane cabin. The calculation domain was 1.5m ×1.5m×1.05m, and the body model was placed in the center as shown in Figure 1 a .The incompressible continuity, Navier-Stokes and energy equations in Cartesian coordinate system are solved, which were stated as equation (1) and equation (2): 2 1 ( )
where the buoyancy force was obtained by Boussinesq approximation, air density was treated as constant during the calculation. Tref was the reference temperature value which density was based on, while T was the local temperature. gi was gravitational acceleration, β was the thermal expansion coefficient which was close to the reciprocal of temperature (1/T) for indoor air, Pr was Prandtl number which equal to kinematic viscosity ν divided by thermal diffusivity α. Unlike the RANS model, this formula doesn't involve Reynolds stress item and corresponding turbulence modeling. The fluctuating velocity and temperature will be directly solved based on fine grid and transient simulation. Wall temperature will be given directly to analysis the influence on the natural convection rather than solving the radiation equation. No slip and fixed temperature condition were given as the boundary condition for the body surface and wall. Surface temperature of head was assigned to be 32 while other parts were 30 . Environmental temperature was designed by define floor, ceiling and wall temperature, which was given as 24 . β and gi were 0.00333 and -9.8 m/s 2 respectively.
Calculation domain was divided into two parts for the mesh generation: the inner zone around the human body and the outer zone, fine grid was generated for inner zone to insure sufficient grid for the simulation need of thermal plume, maximum grid size for inner zone was 8mm while that in outer zone was 15mm. Moreover, size function was defined to refine the grid on human body surface, and boundary layer prism mesh was assigned to all the surface, in which first layer size was 0.5mm, growth ratio was 1.15 and total layer was 16. Totally 9.7 million grids was defined for the calculation. SIMPLE scheme was adopted for pressure re-correction algorithm to couple pressure filed and velocity filed. QUICK scheme was adopted for momentum equation and energy equation discretization. Parallel computing was conducted to accelerate the calculation.
Inner Zone
Outer Zone As no sub-grid model was adopted in the computation, the grid resolution and the time step must be sufficiently fine to solve the relevant turbulence scales. In order to insure the meshing and time step was accurate enough to simulate the small scale eddies, Kolmogorov dissipation space scale and time scale were evaluated for this simulation method according to equation 3. (Zhang et al. [15] )
in where was turbulence dissipation rate, fluctuation velocity u was estimated as 0.05 m/s, turbulence integral scale l was estimated as 5 mm, considering that kinematic viscosity was 1.5e-5 m2/s, the result will be obtained that = 0.6 mm = 0.024 s, the grid and time step setting adopting in this study was in the same order of magnitude of this requirements.
In order to analysis the fluctuation characteristic, Several surfaces and points were located in the flow field to record instantaneous variants including velocity and temperature. Once the fully developed condition was achieved, sampling can be started. Then two-order and higher order statistics will be conducted to evaluate unsteady flow characteristic such as fluctuate velocity, Reynolds stress and intermittent after a period of unsteady calculation. As a contrast, simulation using RANS model was also carried out for the same geometry and boundary condition. 0.8 million mesh was adopted with 4 layer boundary layer mesh on solid wall. RNG k-scheme was adopted for its widely use in ventilation research field.
Results and discussion

Numerical Method validation
Before calculation, it's necessary to verify if the calculation method is suitable to the natural convection simulation. To do so, comparisons with the experimental data of a typical case was performed. Betts and Bokhari [16] conducted an experimental investigation of natural convection in a tall cavity which provided valuable data for evaluation of simulation method. As shown in Figure 2(a) , the dimensions of the cavity were 2.18 m high by 0.076 m wide by 0.52 m deep. The cold and hot vertical walls had uniform temperatures of 15.1 C° and 34.7 C° respectively. The Rayleigh number based on the cavity width was 0.86 ×106. The ratio of cavity height and width was 28.7 which ensured that the airflow in the core region was fully turbulent. Using the simulation method stated in previous section, a transient calculation was conducted based on 4.4 million grid and a time step as 0.02 s.
A summary of several statistics was presented in Figure 2 . Simulation result and experiment result were shown in the same figure for a direct comparison. Vertical velocity and temperature distribution profiles at different height in the enclosed cavity were summarized. As shown in the figure, a good agreement with the experiment has been obtained by this simulation method not only the time-average data but also the fluctuation data. The capacity to investigate transient flow field and statistics indicates that it has shown good feasibility to numerical simulate the unsteady thermal plume characteristics. 
Time-average results
Regarding the simulation result of human thermal plume, a general view of time-average velocity magnitude and temperature distribution around human body was displayed in Figure 3 , which was obtained in the middle surface of computational domain based on 20 seconds transient simulation. Significant thermal plume, driven by the buoyancy force, was observed around the human body. In a general, thermal plume concentrate in the boundary around the human body and the space upper to the human body. Due to different geometries and boundary condition, exact quantitative comparison with other experiment data was difficult, however, the main character of the time average flow filed be in good agreement with related research. The maximum time-average velocity, generate at the position of 18cm over the top of head, achieve 0.23 m/s. Craven et al. has given a similar result of 0.24 m/s as the maximum velocity by the experimental method [2] , and experimental result observed by Zukowska et al. was 0.255 m/s [3] . At the height from 0.1 m to 0.4m, the boundary layer thickness increases gradually. At the height of 0.5m, because the area of neck section was smaller than that of chest, there is a sudden increase of boundary layer thickness which could achieve 5 cm. At the height of 0.7m, because the thermal plume has been separated from the shoulder, and the temperature differential between head and environment was decreased, the maximum velocity in the boundary layer became lower.
Instantaneous results
Instantaneous flow field evolution process was described by temperature distribution at different flow times shown in Figure 5 . Generally, the lower part of the flow field was stable whereas obvious fluctuation and separation was found in the upper part. The heated air in boundary layer moving upwards grew up to positions where they disrupt the boundary layers ejecting large unsteady eddies to the rest space far away the human body. The mixing effect of these eddies, that throw hot air, tended to form a large domain with unsteady fluctuation. Shoulder and head, located at the upper end part of human body and had large curvature, seems contribute most to the eddies separation and fluctuation. Higher order statistics were carried out to investigate the distributions of fluctuate velocity magnitude and intermittent, which are shown in Figure 6 . Fluctuate velocity achieve its maximum, 0.075m/s at the position above head. Observe intermittent was observed via the distribution of flatness factor K, which was defined as <u 4 >/<u 2 > 2 , maximum K value achieve as shown in figure 6(b) .
Spectrum analysis
Spectrum analyses result was obtained by FFT transformation for the unsteady velocity fluctuation. As shown in Figure 7 , the power spectrum distributed mainly in the low frequency range less than 1 Hz. 
Discussion
The main achievement of this study was the investigation of instantaneous flow field and fluctuation frequency spectrum by simulation approach human thermal plume velocity fluctuation was found to be dominated by low frequency. According to the calculation results, most of the fluctuation distribute below 1 Hz. Furthermore, obvious intermittence was observed by the third order statistics, which may provide valuable data for the related research such as the simulation of transmission process of highly infectious respiratory disease.
As expected, RANS simulation did not capture instantaneous flow phenomenon even using a transient simulation with time step of 0.02s. One explanation for this difference was probably that turbulence viscosity may have been overestimated. This missing of low frequency information may cause problem when investigating the interaction between thermal plume and other low frequency behaviors such as breathing or human movement. It indicates the RANS model may still need further research for this kind of natural convection flow in closed space, where flow characteristics were dominated by weakly buoyancy force and low frequency velocity fluctuation.
It should be admitted that mounts of grid and computation time would be consumed and the calculation domain was not complex enough yet in this study, which limits the direct application of using this method to actual environment analysis. However, it provides an approach to investigation unsteady flow field and corresponding characteristics. More simulation considering a set of representative geometries and boundary condition would be the work in the next step to summarize the common characteristics of human thermal plume.
Conclusions
The instantaneous flow filed evaluation process around human body in enclosed space was studied. Statistical time-average velocity and temperature distribution, fluctuate magnitude of the velocity, velocity fluctuation frequency spectrum, intermittent of the thermal plume, and other related unsteady characteristics were investigated.
The simulation method adopted in this study, using high resolution grid and time step, has shown good feasibility to obtain unsteady flow information compared to transitional RANS model. The time-average velocity and thermal boundary layer mainly distribute within the range of 2 to 5 cm, while obvious fluctuation and separation was found in the upper part of flow domain. Thermal plume was dominated by low frequency fluctuation lower than 1 Hz, while obvious intermittent was also observed.
